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BACKGROUND AND SIGNIFICANCE
The increased adoption of Electronic Health Record (EHR) systems potentially enables the sharing of patient information across multiple systems to support continuity of care. To this end, standards and technical specifications have been developed; defining how the information contained in EHRs should be structured, semantically described and communicated. Current trends followed by most of those specifications rely on differentiating the representation of data instances from the definition of the clinical information models.
Clinical Information models
In this paper we use the expression clinical information model (CIM) as a generic term that encompasses all technical specifications defining how clinical information is organized and described inside an EHR system, repository or for EHR communication. A CIM defines both the information structure and formal semantics of documented clinical concepts. CIMs are structural and semantic artifacts that facilitate organizing, storing, querying and displaying clinical data, exchanging that data between different information systems, and performing data analytics.
Usually, a CIM is defined by constraining the generic data structures of an underlying reference model that provides the basic characteristics and attributes needed to represent data instances.
Terminologies such as SNOMED CT, ICD or LOINC also play an important role in the definition of CIMs. The structure of CIMs can be bound (precisely mapped) to clinical terminologies to provide an univocal definition of the model. Furthermore, terminologies are also used to specify value sets, i.e. the set of possible terms that can be assigned as values of the clinical information. Thus, a complete semantically interoperable definition of CIMs can only be achieved by both using a standard reference model and using terminologies to describe the semantics of the information structures.
Goossen et al. described initiatives that follow a CIM approach, indicating their differences and similarities [1] .
The HL7 v3 modeling approach is based on a standard Reference Information Model (RIM) representing the main business logic of any healthcare environment, from which specific messages and documents can be defined. HL7 v3 messages [2] and HL7 Clinical Document Architecture (HL7 CDA) [3] are standards based on the HL7 RIM. It is possible to define clinical information models for HL7 CDA in the form of HL7 templates that specify how the clinical information is to be contained and organized within each kind of document, for specific clinical communication purposes.
HL7 FHIR [4] is a new generation specification that uses modular components called
Resources. These resources (definitions of common reusable patterns of clinical information) can be combined or extended in order to provide particular solutions to health information systems.
They are therefore also to some extent CIMs.
Another important modeling approach is based on the dual level methodology [5] , based on the definition of a synthesized and generic Reference Model (RM) that is designed to represent the most basic properties and structures of any EHR. Clinical information models are defined in the form of archetypes. Archetypes define how data should be structured in order to be seamlessly stored or transferred between EHR systems. The dual model approach is supported by the EN ISO 13606 standard [6] and the openEHR specifications [7] .
Additional modeling approaches have emerged focused on defining generic information models at a conceptual level, without depending on a specific implementation. The Clinical Information Modeling Initiative (CIMI) [8] , Detailed Clinical Models (DCM) [9] , and the Clinical Element Model initiative [10] are examples of such generic models. Figure 1 summarizes the reference models used (i.e. the models that represent data instances) and the CIM technology employed by each of these initiatives.
Clinical information modeling processes
We define a clinical information modeling process (CIMP) as the process of analyzing the domain and requirements, designing, implementing, validating and maintaining CIMs. This process will usually require the cooperation of experts with technical and clinical background, in order to obtain a final implementable definition of CIMs that satisfies the clinical needs, which may be agreed and used at the level of a single care organization, an EHR system vendor user group, a health region or a country. Once CIMs are defined, governance mechanisms can be applied to ensure a correct management and future evolution of the defined models.
The traditional software development process includes requirements definition, a domain analysis, design, implementation and validation [11] . CIMP covers domain analysis, design, implementation and validation of the CIMs, but also includes some special characteristics: CIMs are based on standard specifications and formats, and they can be shared and reused. The participation of both health and technical professionals in this process requires coordination and evaluation mechanisms in order to create relationships of trust towards the developed CIMs.
Moreover, having a well-defined CIMP is of extreme importance in order to ensure a comparable quality and homogeneous design of CIMs created by different organizations or professionals [12, 13] .
OBJECTIVE
This paper aims to identify and compare the existing clinical information modeling processes and methodologies that have been published in the literature. In particular, a systematic review and an inductive content analysis have been performed in order to learn about methodologies and experiences in building CIMs for semantically interoperable EHR systems.
The question being addressed in this study is to discover if an emergent consensus (good practice) strategy in building CIM artifacts exists; and to know if it is therefore possible to propose a common or unified CIMP.
MATERIALS AND METHODS

Systematic review
In order to perform the systematic review of the existing literature we have chosen the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology [14] . This methodology proposes a 27 item checklist and a flow diagram in order to guide the authors during the conduct of a systematic review [15] .
The eligibility criteria, i.e. the characteristics to be taken into account to perform the search, were:
 Papers with any of the following terms in their title or abstract: "Electronic Health Record", "Hospital Information System", "Clinical Information System", "Health Information System", "EHR", "medical record system", "automated medical systems", "Electronic Medical Record". When deciding the search criteria, it was preferred to have a broad scope focused on semantic interoperability for EHR rather than searching for each of the specific EHR mechanisms that could be applied for clinical information modeling such as "archetype" or "template". The variability of terms and technologies related to the definition of CIMs is so broad that we needed to avoid the risk of leaving out important references or experiences that used formalisms such as object-oriented models, entity-relationship design, XML Schemas or ontologies. The inclusion of the semantic interoperability filter helped in excluding EHR traditional development experiences that did not have a focus on the reuse of the information structures that were developed.
The sources of information where the search was performed were PubMed [16], IEEE Xplore [17] and ScienceDirect [18] . As an example, Figure 2 shows the search defined in PubMed, according to the previously described search criteria. Search queries in the other sources of information can be found in the supplementary material.
According to the PRISMA methodology, a two-phase procedure was established for the systematic review. In Phase 1 (study screening) a first review was made based on the title and abstract of the papers returned as result of the queries. Two additional exclusion criteria were adopted: (a) the paper does not include information about CIMs, and (b) the paper does not include information about CIMP. In case of doubt due to the limited information available in the titles and abstracts, the papers were accepted for full review. In Phase 2 (full review) the full text of the selected papers was reviewed. The objective of this full review was twofold: to reject those papers that did not fit the purpose of the systematic review and, only from those that were finally accepted, to extract a set of data items and indicators to perform further analysis.
Inductive analysis
In addition to the systematic review, a methodology called Inductive Content Analysis was applied [19] to discover the CIMP steps described in the selected papers.. This methodology is recommended to avoid creating preconceived categories when the existing literature is limited or heterogeneous. According to this methodology, a set of tags that qualify the CIM definition processes described in the papers were iteratively refined to represent an abstraction of CIMP steps. The information about the modeling processes was organized into categories, in order to provide a high level and summarized description of those steps.
RESULTS
As a result of the search 374 papers were found, 18 of which were duplicated.
Additionally, the authors identified four additional references that met the search criteria and were relevant to the review, but not indexed by the search engines [1, [20] [21] [22] . In total, 360 paper titles and abstracts were screened by the authors, and 53 of them were accepted for a full-text review, where it was discovered that only 36 papers contained relevant data for the objectives of this research. The summary of this review process is presented in Figure 3 .
The main reasons for exclusion were that the analyzed papers did not contain information about modeling or clinical information models. In three cases the full text of the articles was not available. Table 1 shows the annual distribution of the selected papers. Note that the search in 2013 only included the period between January and August. Analysis of the indicators collected from the selected papers Table 2 details a summary of the information collected in the paper review. The complete list of publications and information collected and can be found in the supplementary material. Type of CIM HL7 templates [23] , [24] , [25] , [26] , [27] , [28] , [29] , [30] , [31] 9 (25.0%) EN ISO 13606 or openEHR archetypes [32] , [33] , [34] , [35] , [36] , [37] , [38] , [39] , [40] , [41] , [42] , [43] , [44] , [45] , [20] , [21] 16 (44.4%)
Other [46] , [47] , [48] , [49] , [50] , [51] , [52] , [53] , [1] , [22] , [54] 11 (30.6%)
Reference Model
HL7 v3 / HL7 CDA [30] , [25] , [28] , [24] , [26] , [29] , [36] , [23] , [31] 9 (25.0%) openEHR [39] , [42] , [45] , [33] , [32] , [44] , [41] , [38] , [40] 9 (25.0%) EN ISO 13606 [20] , [21] , [35] , [43] , [34] , [37] 6 (16.7%)
Other [1] , [22] , [52] , [46] , [47] , [48] , [49] , [50] , [53] , [27] , [51] , [54] 12 (36.1%)
CIMP is described
Yes [23] , [32] , [33] , [34] , [35] , [46] , [26] , [47] , [48] , [49] , [29] , [41] , [43] , [45] , [30] , [20] , [21] , [31] , [54] 19 (52.8%) No [24] , [36] , [37] , [38] , [25] , [27] , [48] , [40] , [28] , [50] , [51] , [52] , [53] , [42] , [44] , [1] , [22] 17 (47.2%)
Are existing CIMs reused?
Yes [1] , [20] , [21] , [22] , [35] , [52] , [30] , [39] , [25] , [53] , [42] , [43] , [45] , [34] , [33] , [41] , [38] , [37] , [26] , [27] , [40] , [51] , [36] , [23] , [31] , [54] 
(72.2%)
No [46] , [47] , [28] , [49] , [29] , [32] , [24] [35] , [36] , [37] , [38] , [41] , [45] , [53] 8 (22.2%) Planned [1] , [20] , [21] , [22] , [39] , [40] 6 (16.7%) Not specified [23] , [32] , [33] , [34] , [46] , [24] , [25] , [27] , [26] , [42] , [47] , [48] , [28] , [49] , [50] , [51] , [52] , [29] , [43] , [44] , [31] , [54] 22 (61.2%)
Terminologies used
SNOMED CT [52] , [25] , [50] , [53] , [33] , [24] , [41] , [38] 8 (22.2%)
Other [35] , [30] , [46] , [47] , [48] , [28] , [49] , [29] , [43] , [34] , [32] , [51] , [23] , [31] 14 (38.9%) Not specified [1] , [20] , [21] , [22] , [39] , [42] , [45] , [44] , [37] , [26] , [27] , [40] , [36] , [54] 14 (36.1%)
Tools used
Archetype editor [32] , [33] , [35] , [36] , [37] , [38] , [39] , [40] , [53] , [41] , [42] , [43] , [44] , [45] , [20] One healthcare department [20] , [52] , [30] , [32] , [48] , [28] , [29] , [42] , [43] , [45] , [49] , [33] , [24] , [44] , [41] , [38] , [36] , [53] 18 (50%) Multiple healthcare [34] , [51] , [23] , [40] , [39] , [46] [20] , [35] , [52] , [30] , [46] , [39] , [47] , [25] , [48] , [28] , [49] , [50] , [53] , [42] , [43] , [45] , [34] , [33] , [32] , [24] , [44] , [41] , [38] , [37] , [26] , [27] , [40] , [31] [20] , [21] , [35] , [52] , [30] , [39] , [47] , [28] , [49] , [50] , [53] , [29] , [42] , [43] , [45] , [34] , [32] , [24] , [44] , [41] , [38] , [37] , [51] , [31] , [54] 26 (73.2%) Not specified [22] , [46] , [25] , [48] , [33] , [26] , [27] , [40] , [36] , [23] 10 (27.8%) 50% of the selected papers were focused on one specialized care department, while the others were focused on multiple departments, national/regional projects or described a theoretical approach. The papers cover a large variety of clinical domains, including nursing, oncology, neonatology, genetics or infectious diseases. Most of the papers (83.3%) described a real deployment. 73.2% of the papers also mentioned the participation of health professionals during the development process.
The preferred type of technical artefacts used to implement CIMs were archetypes (44.4%) followed by HL7 templates (25.0%). With regard to the reference models used for the definition of CIMs, openEHR (25.0 HL7 v3 (25.0% including messages and CDA), and EN ISO 13606 (16.7%) were the most mentioned. Other works made use of proprietary reference models, expressed in UML, XML or as ontologies.
All the references included in this systematic review apply a CIMP for defining CIMs, but only 52.8% of them described it with some degree of detail.
In most of the studied papers, modeling of CIMs was centered on the structural definition (e.g. a hierarchy of fields and grouping headings) without detailing how these structures were bound to terminologies (i.e. without mapping the field names to terms, nor specifying terminology value lists for fields with textual values). 36.1% of analyzed papers did not include any mention to the use of terminologies. In the others, SNOMED CT was the most widely adopted terminology (22.2%). Only four of the papers [21, 24, 35, 41] provided a detailed description about how they conducted the terminology binding process. The same lack of information can be found about the metadata associated with the CIMs created (provenance, authorship, endorsements, related bibliography, etc.), which was rarely mentioned.
Sharing publicly the defined CIMs at the end of the CIMP is a mechanism to provide credibility and acceptance of developed artifacts, and to facilitate their reuse. Only 38.9% of papers mentioned sharing the defined CIMs publicly. 72.2% of papers mentioned reusing existing CIMs as part of their development process.
A recurring demand nowadays in healthcare is to use and produce specific tools and processes to solve problems related to electronic recording of clinical data [35] . The use of appropriate design tools helps users to manage the complexity of a detailed specification and helps to ensure the syntactical correctness of the resulting model. Tool use should therefore contribute to the quality of the CIMs. In this context, we found that 67.7% of publications mentioned the use of specific tools for the creation of CIMs. Archetype editors had the leading adoption (41.6%), followed by UML or similar visual design tools (13.9%). The other papers mentioned the use of tools such as spreadsheets, mind maps, XML editors or Protégé.
Inductive analysis of clinical information modeling processes steps
After the tagging and categorization of the information extracted about the CIMP described in the selected papers, the following non-mutually exclusive categories of related information were found. Table 3 summarizes the papers including information related to each category.
• Scope definition leading to selection of the domain and selecting relevant experts.
Whether the scope of a CIM is local or it is designed for wider use, it will be needed to identify the domain to be covered and the expected uses of the CIMs to be developed [39] . Based on the identification of the care setting, healthcare activities, and clinical requirements, it is possible to create a work group of relevant experts in that clinical domain, responsible for the design of the CIMs [30] .
• Analysis of the information covered in the specific domain. In order to create complete CIMs definitions, it is required to obtain an understanding of clinical scenarios, workflows and users, to determine the data items that will be supported by CIMs [25] [26] [27] 44, 46] [R41, R18]. It is necessary to identify how the existing systems have been implemented and documented [48, 51] . Reviewing guidelines, literature and validated clinical scales [30, 32, 53] allows the design team to ensure that information covered by the CIMs will meet the requirements of clinical practice. To collect this information, interviews and workshops with clinical experts may be performed [35, 36] .
• Design of clinical information models. After identifying the necessary data items, these are merged and harmonized into CIMs avoiding possible overlapping [20, 45, 47] . Each CIM will detail the possible set of attributes associated with it in a structured way [1, 21, 41] . Each data item associated with a clinical concept can be detailed in the form of a value set or CIM node [24, 38, 50, 52] . It is also important to identify domain terminologies that are applicable to the studied domain, in order to map them to the CIMs [28, 35] . The definition of CIMs can be focused either on just determining the essential data sets as common minimum communication requirements [32] or on satisfying the application of CIMs for multiple purposes, ensuring a basic compatibility across domains.
• Definition of implementable clinical information model specifications. In order to make the defined CIMs compatible with existing EHR information standards an implementable technical specification is needed. The process of implementing the modeled CIMs into technical artifacts starts with the search and review of existing CIMs [23, 37, 42] . Those
CIMs that suit the scope of the project will be reused or adapted [33] . This will increase the interoperability between systems with different local needs but using similar CIMs.
For those clinical concepts that are not covered by existing CIMs, new ones will be created.
• Validation. Multiple techniques have been adopted to validate the defined models, including peer review and the creation of prototype screens [29, 34, 49] . Further evaluation using routinely collected clinical data from multiple patients will provide stronger validation for the defined CIMs [43] .
• Publishing and maintenance. Those CIMs that are created should be transferred into a public repository in order to be accessible by any other user [40] . CIMs published in the repository should include a method for receiving feedback from those projects and organizations that adopt them [22] .
• Governance. This final category is not properly a step of the CIMP, but closely related to it [40] . The organization responsible for the development and maintenance of CIMs will be in charge of establishing an effective governance of them. This governance will determine the process for quality review and publication of CIMs, and the relationship with other projects and organizations working in the same domain covered by those CIMs [1] . This could include certification of CIMs by the developer organization or other external bodies [22] . Table 3 . Categories found after the inductive analysis of CIMP steps
Category
Published papers
Scope definition and creation
of a work team [52] , [30] , [46] , [39] 2. Analysis of the information covered in the specific domain [1] , [20] , [21] , [52] , [30] , [46] , [39] , [36] , [25] , [47] , [48] , [28] , [49] , [50] , [53] , [29] , [42] , [43] , [45] , [34] , [33] , [32] , [35] , [24] , [51] , [44] , [31] , [54] 3. Design of clinical information models [1] , [20] , [21] , [52] , [39] , [47] , [28] , [49] , [50] , [53] , [43] , [45] , [35] , [24] , [41] , [38] , [31] , [54] 4. Definition of implementable clinical information models specifications [1] , [20] , [21] , [30] , [36] , [25] , [47] , [48] , [49] , [50] , [29] , [42] , [43] , [45] , [34] , [33] , [32] , [35] , [24] , [51] , [41] , [38] , [37] , [23] , [26] , [27] , [54] 5. Validation [1] , [20] , [30] , [39] , [49] , [53] , [29] , [43] , [34] , [51] , [41] , [54] 6. Publishing and maintenance [39] , [53] , [43] , [31] 7. Governance
DISCUSSION
This systematic review analyzed the reported clinical information modeling processes that have been adopted to support the semantic interoperability of EHR systems. Our reflection on the results of the publication searches confirmed that the decision not to include more specific search criteria was appropriate. Using a generic search without including specific terms for the types of CIM proved to be successful, since it allowed the inclusion of an extensive range of experiences of CIMs development, using different technologies and standards.
Discussion on the extracted indicators
The extracted indicators from the selected papers raise several interesting discussion points.
• Limited information about the CIMP used to create clinical information models. All the selected papers rely on the use of CIMs as a kernel piece of their information systems.
However, the methodology followed to create them was not usually described in detail and sometimes not even mentioned. This lack of information might reduce the level of third party trust in the quality of the developed CIMs. Given that currently a standard CIMP does not exist in the literature, we had expected that more authors would have included a detailed description of their own modeling and validation steps. It is particularly relevant the limited information about terminology bindings that is provided in the studied papers. 36% of the reviewed papers did not even mention the terminological aspect, and most of the others only referred to it as a future work. A CIM cannot be semantically interoperable if it lacks terminological references that describe its contents. The definition of a particular information structure can be affected by the expressivity of the selected terminologies that accompany it and, vice-versa, the design of a particular information structure affects how the value sets to be used in it should be created [10] . Moreover, a loose definition and use of terminological value sets also affects the final quality and interoperability of the clinical data that is produced [55] .
• Resultant CIMs are not shared. It was observed that most of the analyzed experiences didn't provide any mechanism to access the resultant CIMs. Although it is not mandatory to share them with external groups, it would be a good practice to share these models openly unless there are copyright restrictions. This can improve the quality of the defined models through feedback [12, 56] and supports the harmonization of multiple groups developing CIMs in parallel in the same domain, and thus, the semantic interoperability of EHR information.
• Modeling tools. CIM definition is a multidisciplinary task where health professionals and technicians collaborate. To this end, it is important to have the appropriate tools that ease the definition and review processes. This study suggests that most of the modeling efforts use generic tools to carry out this work, such as UML technologies, mind maps, spreadsheets or XML tools. Only those which rely on the archetype approach make use of specific tooling. In any case, several of the reviewed papers warn about the immaturity of modeling support tools [33, 41, 45] . We can conclude from these results that there is a need for better modeling tools. However, it has to be taken into account that the mentioned papers are from 2007, 2009 and 2011. It should be expected that improvements have been made in this topic over the last few years.
• Mapping to implementable specifications. Transforming generic CIM definitions into implementable specifications (i.e. archetypes or templates) is not a direct process since it requires accommodating the information attributes of the CIM in a specific RM structure [34] . This implies that a shared CIM could be implemented in different technical artifacts or standards that were not completely equivalent.
Discussion on the inductive analysis results
The methodological approach to create CIMs has been discovered to be similar in all the studied papers where information was available. Figure 4 summarizes the steps obtained from the inductive analysis of the content related to CIMP and the relationships between them. The process starts with the selection of the scope and the work team, followed by a domain analysis (including the research of references or existing CIMs that could be reused), the design and definition of the structure and semantics of new CIMs (or the modification of existing ones), the validation by health professionals and, finally, the publication of the resulting CIMs.
Although these steps were defined based on the partial information available in the published literature, the level of similarities found suggests that it would be possible to define a unified process to guide CIM definition, including the description of best practices to increase the quality of the CIMs.
Finally, the identified CIMP steps are encompassed by a general governance process.
This governance is in charge of identifying when a new CIM needs to be created of if existing ones should be reviewed. The governance of CIMs is a separate topic that has also received attention by researchers [57, 58] .
Limitations and risk of bias of this systematic review
The authors recognize that the inclusion of the "semantic interoperability" criterion could have limited the papers found in the search, since the use of this term was limited in the early 2000s. Anyhow, this criterion allowed collecting early experiences of CIM-based approaches from promoters of the semantic interoperability concept at that time. Nearly 20 papers published until 2005 were found including that term.
In order to limit the risk of bias of this systematic review, all papers were screened by at least two of the authors of this paper, who had to agree on their suitability for the full-text review phase. In the full review phase, the papers were interchanged between the authors. Thus, every paper was either screened or fully reviewed independently by different authors. In the inductive analysis the authors also achieved a consensus on the steps and classifications of the selected papers, based on the information contained in them.
Regarding the obtained results and conclusions, a limitation of the performed review is that most papers did not describe in detail the CIMP that was followed in order to define the CIMs. In many cases the modeling process was just mentioned or scattered across the text. This necessitated a careful and detailed reading of each of the papers in order to find out the steps followed by the original authors.
CONCLUSION
The use of CIMs has gained recognition as one of the essential aspects of the creation of standardized and interoperable EHR systems. Different standards and technical approaches exist (e.g. EN ISO 13606 and openEHR using archetypes, or HL7 v3 using templates), but the idea of separating the definition of the CIMs from the actual representation and persistence of the data values is shared among all of them. Moreover, the work of international modeling initiatives such as CIMI indicates an increased interest in creating reusable CIMs. Thus, it is important that the CIMP used to create those models follows clear and well defined steps.
This research characterized published experiences related to the creation of semantically interoperable EHR systems between 2000 and 2013, in order to obtain a better understanding of the steps followed by all of them during the creation of CIMs. It was found that most of the experiences share a similar approach. This suggests that it should be possible to create a common or unified methodology for clinical information modeling in the future. This conclusion is however limited due to the lack of detail describing the used CIMP in the selected papers. It is important to advocate further collaboration between the main organizations and professionals involved in CIM development, to reach a consensus in the definition of a unified best practice CIMP.
A commonly agreed CIMP will promote and emphasize the importance of analyzing the information covered in a particular domain, the collaboration between different clinical and technical professionals and the search for consensus in the definition of CIMs. It will also minimize the diversity of ways in which a CIM can be designed and will make terminology bindings more consistent. This is directly related to the improvement of the quality of CIMs [59, 60] . 
